BrdU/DNA analysis, and multiparameter flow cytometry measurement of cellular DNA content. This review summarises the methods for measurement of cellular DNA and analysis of the cell cycle and discusses the commercial software available for these purposes.
Introduction
Two of the most popular flow cytometric applications are the measurement of cellular DNA content and the analysis of the cell cycle. Therefore, diverse protocols for DNA measurement have been developed including Bivariate cytokeratin/DNA analysis, Bivariate BrdU/DNA analysis, and multiparameter flow cytometry measurement of cellular DNA content. These analyses have been paralleled with the development of commercial software for cell cycle analysis.
Flow Cytometry Measurement of Cellular DNA Content
The nuclear DNA content of a cell can be quantitatively measured at high speed by flow cytometry. Initially, a fluorescent dye that binds stoichiometrically to the DNA is added to a suspension of permeabilized single cells or nuclei. The principle is that the stained material has incorporated an amount of dye proportional to the amount of DNA. The stained material is then measured in the flow cytometer and the emitted fluorescent signal yields an electronic pulse with a height (amplitude) proportional to the total fluorescence emission from the cell. Thereafter, such fluorescence data are considered a measurement of the cellular DNA content. Samples should be analyzed at rates below 1000 cells per second in order to yield a good signal of discrimination between singlets or doublets.
Since the data obtained is not a direct measure of cellular DNA content, reference cells with various amounts of DNA should be included in order to identify the position of the cells with the normal diploid amount of DNA. Some of the common reference cells often used for DNA measurements are human leukocytes or red blood cells from chicken and trout ( Figure 1) .
Commonly DNA measurements are expressed as a DNA index of the ratio of sample DNA peak channel to reference DNA peak channel. A DNA index of 1.0 represents a normal diploid DNA content, while deviations in cellular DNA content values other than 1.0 indicate DNA aneuploidy.
The Analysis of the Cell Cycle
In addition to determining the relative cellular DNA content, flow cytometry also enables the identification of the cell distribution during the various phases of the cell cycle. Four distinct phases could be recognized in a proliferating cell population: the G1-, S-(DNA synthesis phase), G2-and M-phase (mitosis). However, G2-and M-phase, which both have an identical DNA content could not be discriminated based on their differences in DNA content (Figures 1 and 2). Diverse software containing mathematical models that fit the DNA histogram of a singlet have been developed in order to calculate the percentages of cells occupying the different phases of the cell cycle.
Approach to Discriminate Doublets or Cellular Aggregates
A common feature of DNA analysis is the finding of doublets or cellular aggregates. A doublet is formed when two cells with a G1-phase DNA content are recorded by the flow cytometer as one event with a cellular DNA content similar to a G2/M-phase cell. If a sample contains many doublets, that could mistakenly increase the relative number of cells in the G2/M-phase of the cell cycle, yielding to an overestimation of G2/M population. In order to correct this error, modern flow cytometers are equipped with a Doublet Discrimination Module that selects single cells on the basis of pulse processed data. The emitted fluorescent light of the DNA dye (FL2) generates an electronic signal that can be recorded as high (FL2H) for the intensity of the staining as well as measured as pulse-area (FL2A) and pulse-width (FL2W) of the samples. By plotting the FL2W versus FL2A in a dot plot graph a discrimination of a G1 doublet from a G2/M single can be made. Since the FL2W increases with the diameter of the doublet particle while both the G1 doublet and the G2/M single produce a same FL2A signal is likely to discriminate the doublet from the single ( Figure  1 ). Therefore, in the dot plot graph a gate (G0/G1/S/G2/M) is set around the single population. The histogram graph of this gated population shows the four distinct phases that could be recognized in a proliferating cell population ( 
Software for Cell Cycle Analysis
Diverse manufacturers such as Becton Dickinson have developed software (CellFit™) for cell cycle analysis. The diverse software provides several mathematical models for fitting the DNA histogram. However, a subtraction of the background is required in order to remove events due to debris and to get a better fit with the models. Before the actual calculation of the phase distributions, two regions that are marked at the left and at the right part of the histogram are examined. Then, the data are fitted into an exponential curve of the form y=e (ax+b) , and then the portion of the histogram that includes the two regions is subtracted from this curve. CellFit uses this approach to subtract the background.
However when using modeling for cell cycle statistics, there is a lot of variability and a factor of error because minute variation in the sampling and preparative techniques of the cells can contribute to inaccurate estimates. Therefore, it is essential to be aware of that variability in the analysis and interpretation of DNA content histograms. Also, it is important to evaluate the advantages of each software package and their respective limitations before using one for the analysis and fitting in the cell cycle models.
Bivariate BrdU/DNA
Flow cytometric analysis of cell DNA content is widely used for the estimation of cell cycle phase distributions. However, this analysis does not provide cytodynamic information such as cycle traverse rates and phase transit times. These parameters can be obtained using autoradiographic techniques, in particular, by determining the fraction of labeled mitosis. By autoradiographic identification of labeled cells during various intervals after labeling, their transition through the subsequent mitotic divisions can be followed, and phase and cycle transit times can be calculated.
In the last few years, non autoautoradiographic methods for distinguishing DNA synthesizing cells have been developed. These use monoclonal antibodies to measure the incorporation of bromodeoxyuridine (BrdUrd) into cellular DNA. In an indirect immunocytochemical technique, cells, which have incorporated BrdUrd, can be labeled with a fluorochrome and simultaneously the DNA can be counterstained. Flow cytometry then allows the simultaneous measurement of incorporated BrdUrd as well as the DNA content on a single cell level. In this way the cohort of labeled cells can be followed through the cell cycle. 
DNA Content Analysis
In addition to analysis of cellular DNA content in lymphoreticular and hematopoietic neoplasm, flow cytometry has been used to characterize solid tumors. The most frequent tissues analyzed are a) biopsies from breast tumors, and b) tissue derived from products of conception. However, the value of DNA content analysis as a prognostic indicator in the case of tumors has been rather inconsistent and its use is being restricted to specific entities like breast cancer.
Staining is with a nucleic acid dye like propidium iodide (PI) and is similar to that described so far for other DNA assays. However, there are several circumstances in the staining procedures and analysis that require careful attention in order to avoid false interpretations. For example, since RNA would interfere in the staining, the solution should also contain RNAase. Also the number of cells acquired are critical in order to ensure that adequate cell numbers are collected. In addition, non-specific lowlevel staining must be excluded and only strongly stained cells should be collected in order to perform an accurate modeling of the data. Also as a part of the analysis, it is important to exclude debris and aggregates, as they will interfere with the measurements. Moreover, in some other circumstances, the G0/G1 peak of one ploidy distribution may be localized in the same area as the S-phase component of another distribution. In those circumstances when there is more than one ploidy distribution it is almost impossible by drawing a few analysis regions to delineate the cell cycle compartments. Therefore, the analysis and quantification of cell cycle compartments is a pretty complex task that requires the use of software for modeling.
Example of a Typical Analysis
Stained sample is collected on the cytometer and displayed for qualitative assessment. The gating strategy varies depending of the type of software but always includes a step to exclude aggregates. Thereafter, FL2W and FL2A are plotted as either dot plot or contour plot. A gate is set up in the area of cells with 2N DNA content. Moreover, there still exists the possibility that one of the cells containing 4N DNA content could be located inside the single gate, or that doublets with 2N DNA content will be located outside the gate. A one-parameter histogram of FL2-A (PI fluorescence) is drawn from the cells with 2N DNA content. Usually two major peaks are observed; one peak is labeled as diploid and included in the region R1 that is colored in red and the other peak is labeled as aneuploid and included in the region R2 that is colored in green. In the further analysis, R1 is always depicted in red and R2 is depicted in green and any cells not associated with these two regions appear white. A SSC/FL2 dot plot is drawn which shows that the debris was stained neither in red nor in green but in white, facilitating its subtraction out of the analysis.
The report shows the separation and quantification of the two ploidy distributions: diploid and aneuploid, as well as the calculation of the cell percentages in each cycle compartment. Also it shows the CV's for the G0/G1 peak of each distribution, and a measurement of the DNA Index (DI), which is the aneuploid/euploid DNA content ratio.
